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Abstract 
The control of Autonomous Underwater Vehicles (AIJVs) is a very challenging task 
because the model of AUV system has nonlinearities and time-variance, and there are un-
certain external disturbances and difficulties in hydrodynamic modeling. The problem of 
AUV control continues to pose considerable challenges to system designers, especially 
when the vehicles are underactuated (defined as systems with more degrees-of-freedom 
(DOFs) than the number of inputs) and exhibit large parameter uncertainties. Hence the 
dynamical equations of the AUV exhibit so-called second-order nonholonomic constraints, 
i.e., non-integrable conditions are imposed on the acceleration in one or more DOFs be-
cause the AUV lacks capability to command instantaneous accelerations in these directions 
of the configuration space. Such a nonholonomic system cannot be stabilized by the usual 
smooth, time-invariant, state feedback control algorithms. From a conceptual standpoint, 
the problem is quite rich and the tools used to solve it must necessarily be borrowed from 
solid nonlinear control theory. However, the interest in this type of problem goes well be-
yond the theoretical aspects because it is well rooted in practical applications that constitute 
the core of new and exciting underwater mission scenarios. 
The problem of steering an underactuated AUV to a point with a desired orientation 
has only recently received special attention in the literature and references therein. This task 
raises some challenging questions in system control theory because, in addition to being 
underactuated, the vehicle exhibits complex hydrodynamic effects that must necessarily be 
taken into account during the controller design phase. Therefore, researchers attempted to 
design a steering system for the AUV that would rely on its kinematic equations only. 
In this research, an X4-AUV is modelled as a slender, axisymmetric rigid body whose 
mass equals the mass of the fluid which it displaces; thus, the vehicle is neutrally buoyant. 
X4-AUV equipped with four thrusters has 6-DOFs in motion, falls in an underactuated sys-
tem and also has nonholonomic features. Modelling of ATJV maneuverability first involved 
the mathematical computation of the rigid body's kinematics, in which roll-pitch-yaw an-
gles in 6-DOFs kinematics are used. We also derive the dynamics model of an X4-AUV 
with four thrusters using a Lagrange approach, where the modelling includes the consider-
ation of the effect of added mass and inertia. 
We present a point-to-point control strategy for stabilizing control of an X4-AUV 
which is not linearly controllable. The goal in point-to-point control is to bring a system 
from any initial state of the system to a desired state of the system. The construction of 
stabilizing control for this system is often further complicated by the presence of a drift 
term in the differential equation describing it dynamically. 
Two different controllers are developed to stabilize the system. The first stabilization 
strategy is based on the Lyapunov stability theory. The design of the controller is separated 
into two parts: one is the rotational dynamics-related part and the other is the translational 
dynamics-related one. A controller for the translational subsystem stabilizes one position 
out of x-, y-, and z-coordinates, whereas .a controller for the rotational subsystems gener-
ates the desired roll, pitch and yaw angles. Thus, the rotational controller stabilizes all the 
attitudes of the X4-ALJV at a desired (x-, y- or z-) position of the vehicle. The stability of 
the corresponding closed-loop system is proved by imposing a suitable Lyapunov function 
and then using LaSalles's invariance principle. 
The second stabilization strategy is based on a discontinuous control law, involving 
the a-process for exponential stabilization of nonholonomic system. This technique is ap-
plied to the system by two different approaches. The first approach does not necessitate 
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any conversion of the system model into a chained form, and thus not rely on any special 
transformation techniques. The system is written in a control-affine form by applying a 
partial linearization technique and a dynamic controller based on Astolfi's discontinuous 
control is derived to stabilize all the states of the system to the desired equilibrium point 
exponentially. Motivated by the fact that the discontinuous dynamic-model without using 
a chained form transformation assures only a local stability (or controllability) of the dy-
namics based control system, instead of guaranteeing a global stability of the system, the 
conversion of system model into a second-order chained form is implemented in the second 
approach. The second-order chained form consisting of a dynamical model is obtained by 
separating the original dynamical model into three subsystems so as to use the standard 
canonical form with two inputs and three states second-order chained form. Here, two 
subsystems are subject to a second-order nonlinear model with two inputs and three states, 
and the other subsystem is subject to a linear second-order model with two inputs and two 
states. Then, the Astolfi's discontinuous control approach is applied for such second-order 
chained forms. The present method can only realize partially underactuated control, which 
controls five states out of six states by using four inputs. 
The derived results are specialized to an X4-AUV but, in principle, analogous re-
sults can be obtained for vehicles with similar dynamics. Some computer simulations are 
presented to demonstrate the effectiveness of our approach.
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Chapter 1 
Introduction 
Control researchers have given considerable attention in the last ten years to many exam-
ples of control problems associated with underactuated autonomous underwater vehicles 
(AUVs), defined as systems with more degrees-of-freedom (DOFs) in motion than the 
number of inputs. Hence the dynamical equations of the All y
 exhibit so-called second-
order nonholonomic constraints, i.e., non-integrable conditions imposed on the accelera-
tion in one or more DOFs because the ALly
 lacks capability to command instantaneous 
accelerations in these directions of the configuration space. As pointed out in a celebrated 
paper by Brockett (1983) [11], such nonholonomic systems can not be stabilized by the 
usual smooth, time-invariant, state feedback controllers. Therefore control problems for 
underactuated mechanical systems usually require nonlinear control techniques. The linear 
approximation around equilibrium points may, in general, not be controllable and the feed-
back stabilization problem, in general, cannot be transformed into a linear control problem. 
Therefore for such systems linear control methods cannot be used to solve the feedback 
stabilization problem, not even locally. 
In this research, we model an underactuated X4-AUV with four thrusters and 6-DOFs 
in motion, and control the underactuated X4-AUV in three-dimensional space. 
1.1 Autonomous Underwater Vehicle 
The ocean covers about 70% of the earth surface and has great effect on the future existence 
of all human beings, beside the land and aerospace. In order to explore the full depths of the 
ocean and its abundant resources, underwater research and development has been carried 
out rapidly during recent decades. There is no doubt that underwater robotics is to be an 
important scientific area due to its great applications, which vary from scientific research 
of ocean, surveillance, inspection of commercial undersea facilities and installations to 
various military operations. 
Generally, underwater vehicles can be divided into three, namely, manned submersibles, 
Remotely Operated Vehicles (ROVs) and Autonomous Underwater Vehicles (AUVs). ROVs 
and AUVs are the main types of the underwater vehicles that received great attention from 
both the industrial and underwater research community. The difference of AUVs and ROVs 
is that AUVs are controlled automatically by on-board computers and can work indepen
-
dently without connecting to the surface. ROVs, on the other hand, are controlled or re-
motely controlled by human operator from a cable or wireless communication on ship or on 
the ground. Due to the advantages of operational efficiency, mobility, and low operational 
cost, AUVs have received wider attention than ROVs [82]. 
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AUVs have great importance in underwater tasks due to its ability to navigate in 
abyssal zones without necessitating a tether that limits the range and maneuverability of the 
vehicle. Note however that their autonomy property directly affects the design of control 
system. That is, it requires advanced controllers and specific control schemes for achieving 
given tasks. 
As the demand for underwater systems rises, research on the control of these systems 
has become important. The degradation of any actuator relative to other actuators in a fully 
actuated underwater vehicle necessitates the consideration of a special control method. In 
that case, underwater vehicles behave like an underactuated system. 
AUVs present a challenging control problem, because most of them are underactu-
ated, i.e., they have fewer number of actuated inputs than DOB, imposing nonintegrable 
velocity or acceleration constraints. In addition, ALlY's kinematic and dynamic models are 
highly nonlinear and coupled. The point stabilization problem, trajectory tracking prob-
lem or path following problem in two- and three-dimensional spaces for AUVs, have been 
studied by various researchers; see for example references in [74]. 
Most of AUVs have 6-DOFs in motion. In this thesis, the vehicle of interest here 
called X4-AUV falls into the class of underactuated AUVs because it has fewer number 
of actuators than the DOFs in motion. Many control systems for underwater vehicles have 
been designed up to now [74][84] under the restrictions of cost, weight and complexity, 
keeping some reliability advantages. The vehicle is also a nonlinear system: all equa-
tions of motion of the system include highly coupled terms. Some equations of the motion 
of the system appear as second-order nonholonomic constraints, and they cannot be inte-
grated to obtain the position. Therefore, such underwater vehicles pertain to nonholonomic 
systems. Control of nonholonomic systems poses a difficult problem requiring a special 
control approach depending on the nature of the mechanical system, as stated in Arsian et 
al. [6]. The consideration of nonholomic systems is an interesting study from a theoret-
ical standpoint because, as pointed out in the earlier works of Brockett [11], they cannot 
be asymptotically stabilized to a fixed point in the configuration space using continuously 
differentiable, time-invariant and state feedback control laws. In the case of underactu-
ated nonholonomic systems, nonlinear control methods are more appropriate because the 
nonholonomic constraints are inherently nonlinear. 
1.2 Nonlinear Control, Nonholonomic and Underactuated Systems 
In this section, we present an overview the nonlinear control problem, nonholonomic sys-
tems, underactuated mechanical systems, the factors that has driven the research of under-
actuated systems and the necessity of Brockett's condition for the stabilizability of nonlin-
ear systems. 
1.2.1 Nonlinear control problem 
Many techniques have been developed for solving both nonlinear setpoint and nonlinear 
tracking control problems. These techniques include feedback linearization, adaptive con-
trol, gain scheduling, sliding mode control, model predictive control and robust control. 
The equation of motion for control-affine time-varying nonlinear dynamic systems subject
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to nonholonomic and underactuation constraints can be written in the form 
±= f(x)+ gn , u=(1,... ,m)	 (1.1) 
where x = (x 1 ,	 ,	 is the state of the vector system, x E D where D is an open set 
in	 f and gj, i = 1,... , m are vector functions such as D -+	 . 
The system is assumed here to have m inputs (u1 ,... , Urn) which will be referred 
to as the control vector ti (ti1,. , 'Um). The class of systems described by Eq. (1.1) 
is sufficiently large that the most physical systems of practical interest are included. The 
class of linear systems is obviously also included and it is obtained when f(x) is a linear 
function of x and gj(x),... , g. (x) are constant functions. 
The purpose of control system design is to define a control law u such that x -+ 0 
in the case of set point control, or y -+ Yd in the case of tracking control, where lid is 
the desired output trajectory. Many simple, time-invariant, fully actuated problems may be 
solved by designing the control law in such a way that the nonlinear dynamics of the plant 
f (x) is cancelled, leaving the closed-loop system in a linear form resembling that shown 
in Eq. (1.1) so that linear control techniques can be applied. This type of control system 
design is known as feedback linearization and should not be confused with conventional 
linearization. In the case of feedback linearization, the complete nonlinear model in con-
junction with state feedback is used to transform the system into a linear form, whereas the 
conventional technique makes a linear approximation of the system about a given equilib-
rium point. Feedback linearization can be used to derive linear control systems for many 
nonlinear dynamic systems but cannot be applied universally. Some disadvantages of feed-
back linearization are that it requires full state feedback and it is not robust to modeling 
uncertainty or unmodeled dynamics. 
In this thesis, the emphasis is put on systems with drift. From a more theoretical 
perspective, this work is encouraged by the fact that relatively few methods exist for the 
stabilization of systems with a drift term in the differential equation describing their dy-
namics. 
1.2.2 Nonholonomic systems 
A large number of mechanical systems have non-integrable constraints. These constraints 
could be either at the velocity level or the acceleration level. Nonintegrability implies 
that the dimension of the manifold on which the system evolves is not reduced due to the 
constraint. This in turn implies that the system can assume any arbitrary configuration 
in the configuration space inspite of the constraints. Velocity level constraints preclude 
instantaneous velocities in certain directions of the system. In a similar vein, acceleration 
level constraints prevent arbitrary accelerations of the system. In this thesis, we shall call all 
such systems with non-integrable constraints as nonholonomic systems [75]. Although, in 
a strict sense, the terminology of nonholonomy applies only for non-integrable constraints 
at the velocity level, we shall also classify acceleration level constraints into the class of 
nonholonomic systems. The concept of nonholonomy is related to controllability of the 
corresponding control system. Redefining the constraint specification as the directions or 
DOFs in which the system can move, rather than the direction in which it cannot move, is
4	 1. INTRODUCTION 
equivalent to stating the controllability problem of the corresponding control system. Thus, 
we can safely say that if the system is maximally nonholonomic, the system is controllable, 
so that any point in the configuration space can be reached. Thus, a motion problem can be 
converted into a control problem. Nonholonomic systems cannot be stabilized using time-
invariant continuous feedback because they do not meet Brockett's necessary condition for 
feedback stabilization [111. 
A few instances where nonholonomy arises in mechanical systems are: 
1. Conservation of angular momentum (free floating multi-body system with no external 
torque). 
2. No slip constraints on rolling (wheeled mobile robot). 
3. Underactuation (underwater vehicle / surface vessel). 
Underactuation may arise in mechanical systems due to nature of the system, on purpose 
to reduce actuator cost or failure of one or more actuators. 
1.2.3 What is underactuated mechanical systems? 
Underactuated mechanical systems refer to those mechanical systems with less number of 
controls, m than the degrees of freedom, n and arise often in nonholonomic systems with 
nonintegrable constraints. Examples of underactuated mechanical systems are abundant 
in our daily life, ranging from spacecraft to ground and marine vehicles such as mobile 
robots, surface ships and underwater vehicles. Controlling underactuated mechanical sys-
tems has been an active research because it concerns fundamentally nonlinear control prob-
lems which require novel ideas and techniques. One of these challenges in nonholonomic 
systems is to obtain a controller for assuring an asymptotic stabilization. Indeed, Brockett's 
necessary condition [11] applied to these inherently nonlinear systems yields a surprising 
fact that there is no linear or nonlinear, continuous state-feedback stabilizing control law 
for this special class of nonlinear systems. 
A second feature arising from investigating nonholonomic control problems is that 
stabilization and tracking are two fundamentally different control problems. Very often, 
in the conventional literature of control theory, stabilization is regarded as a special case 
of the tracking problem. Unfortunately, this is not the case for underactuated mechanical 
systems with nonholonomic constraints. The violation of Brockett's necessary condition 
for asymptotic stabilization presents a challenge to develop fundamentally new approaches 
to nonlinear control theory. On the other hand, in the case of trajectory-tracking, there is 
a local feedback solution if the linearization of the system around the moving trajectory is 
uniformly achievable, whereas the stabilization and tracking problems are typically studied 
as two separate problems. 
1.2.4 Why research in underactuated systems? 
Research in underactuated systems is driven by several reasons. Some motivations for the 
development of a control system with less actuators than the DOFs are: 
• Saving fuel. If less actuators is available, one can reduce the cost of fuel or any kind 
of energy needed for any actuator to work. 
• Failure mode management. If one of the actuators fails, one can still obtain the ob-
jective where the system is designed for.
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• Building compactly. If no space is needed for an n-th actuator, such a space can be 
saved or used for other purposes. 
• Lighter structure. If less actuators are available, one can reduce the weight of the 
structure. This can be an advantage in positioning the structure. 
As can be seen there are several practical reasons for research in underactuated systems. 
Theoretical insight of the problem is needed, so there are also theoretical reasons for re-
search in underactuated systems. 
1.2.5 Underactuated systems and second-order nonholonomic constraints 
Many underactuated systems are subject to nonholonomic constraints. There are two types 
of nonholonomic constraints: one is the first-order classical nonholonomic constraints and 
the other is the second-order nonholonomic constraints. The first-order nonholonomjc con
-
straints are defined as constraints on the generalized coordinates and velocities of the form 
(q, ) and cannot be written as a constraint of the form (q) = 0. They occur in, for 
example, wheeled mobile robots or wheeled vehicles with trailers. The second-order non-
holonomic constraints are defined as those on the generalized coordinates, velocities, and 
accelerations of the form 1' (q, 4, ), which are non-integrable, i.e., cannot be written as the 
time-derivatives of some functions of the generalized coordinates and velocities given by 
(q, ) = 0. For example, they occur in surface vessels, space robots, and underactuated 
manipulators. 
Consider an underactuated mechanical system and let q = (q,... , qn) denote the set 
of generalized coordinates. Partition the set of coordinates as q = (q, q), where q C _Q- 
denotes the directly actuated part and q, e n-m denotes the unactuated part. With u e 
as the vector of control variables, the equations of motion for underactuated mechanical 
system become:
M11(q)a+M12(q)4b+Fl(q,) = B(q)u	 (1.2) 
M21 (q)4 + M22(q)4 + F2 (q, ) = 0	 (1.3) 
The Eqs. (1.2) and (1.3) define n - m relations involving the generalized coordinates 
as well as their first-order and second-order derivatives. If there exists no non-trivial inte-
gral, i.e., a smooth function a(t, q, ) such that da/dt = 0 along all solutions of Eq. (1.3), 
then these n - m relations can be interpreted as second-order nonholonomic constraints. 
Systems of this form are also not stabilizable using time-invariant continuous feedback due 
to their failure to meet Brockett's conditions. However, in both the first- and second-order 
cases, it can be shown that many nonholonomic systems are strongly accessible, i.e., can 
be stabilized at all equilibrium points. 
As an example of second-order nonholonomic system, consider underactuated vehi-
cles described by the following model: 
M() + C(v)v + D(v)v + g(v) 
= 
[7- ] i = J(ij)v	 (1.4) 
where lJ, V e m n> m and T e W, k < n-i. Here M is the inertia matrix including 
added mass, C(v) is the Coriolis and centrifugal matrix, also including added mass, D(v) is 
the damping matrix and g(v) is the vector of gravitational and buoyant forces and torques.
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Let M, C,(v), D(v) and gu (v) denote the last rn—k rows of the matrices M, C(v), D(v) 
and the vector g(v), respectively. The constraint imposed by the unactuated dynamics can 
be written as
M))+C(v)v+D(v)v+g(v) =O	 (1.5) 
The gravitation and buoyancy vector g(v) is important for the stabilizability proper-
ties of underactuated vehicles. If the vector g,, (v) corresponding to the unactuated dynam-
ics contains a zero function, then the constraint Eq. (1.5) is a second-order nonholonomic 
constraint. It can be shown that underactuated vehicles subject to second-order nonholo-
nomic constraints, do not satisfy Brockett's necessary condition for asymptotic stabilization 
using time-invariant continuous state feedback. 
1.2.6 Brockett's theorem and consequences 
The key hurdle in implementing a smooth feedback controller for nonholonomic systems 
using potential theory comes from the famous Brockett's Theorem [11]. 
Theorem 1 Let ± = f(x, u) be given with f(xo, 0) = 0 and f( . ,.) continuously 
differentiable in a neighborhood of (x0 , 0). x E D c Qm A necessary con-
dition for the existence of a continuously differentiable control law which makes (x 0 , 0) 
asymptotically stable is that: 
1. The linearized system should have no uncontrollable modes associated with eigen-
values whose real-part is positive. 
2. There exists a neighborhood N of (x0 , 0) such that for each C N there exists 
a control u( . ) defined on (0, oc) such that this control steers the solution of ± = 
f(x, ne)from x(0) to x(oo) = xo. 
3. The mapping y: D x J m 	 R" defined by : (x, 'a) -+ f(x, 
'a) should be onto an 
open-set containing 0. 
Corollary 1.1 [11] For an input-affine system of the form ± = f(x) +
	
gj(x)uj , the 
third condition of Theorem 1 implies that the stabilization problem cannot have a solution 
if there exists a smooth distribution D containing f and gj with dim D < n. 
Corollary 1.2 [11] A dr/iless input-affine system ofform ± =
	 gi (x)ui , with gi 
linearly independent at x 0 , is stabilizable if m = n, i.e., the system is fully actuated. The 
case where the set gj (x) drops dimension exactly at x 0
 is excluded from this restriction. 
For example, consider the second-order chained form with n 3 variables and rn = 
2 inputs [3]:
= Ui 
=
	 (1.6) 
=
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which is given in state-space form as
:1:1 = 
12 = 
i3 =x4 	 (1.7) 
14 = U2 
15 = 
16 = X3fl1 
where x2 _1 = , X2i = , i	 1, 2, 3. Define the state vector as x = 1x 1 ,..- , 
Since the image of the mapping (x, u) -* f(x,u) = (x2,x4,x6,u1,n2,x3u1) of 
the second-order chained form does not contain any point (0, 0, 0, 0, 0, E) for e 0, the 
system does not satisfy Brockett's condition. Therefore, the system cannot be stabilized by 
continuous time-invariant feedback. Underactuated systems with a single unactuated DOF 
can often be transformed into the second-order chained form as in Eq. (1.6). It is clear that 
underactuated systems cannot be controlled by a continuous time-invariant controller. 
For our system, Corollary 1.1 is applied. Therefore, this precludes stabilization to 
the origin of the configuration space of nonholonomic systems by smooth state feedback. 
1.3 Motivations and Objectives 
Since nonholonomic control systems present many interesting features and applications, 
they are becoming increasingly important in research and industry. Nonholonomic systems 
are a prototype of strongly nonlinear systems, requiring a fully nonlinear analysis, because 
all first approximation methods are inadequate [38]. A lot of real life systems lie under the 
class of nonholonomic systems such as mobile robots, hovercrafts, planar vertical takeoff 
and landing (PVTOL) and underwater vehicles. From these systems many of them are 
underactuated, i.e., the number of control inputs is less than the number of DOFs [38], 
i.e., the number of generalized coordinates to be controlled. The difficulty of the control 
problem for underactuated mechanisms is obviously due to the reduced dimension of the 
input space. There are two practical reasons for developing techniques to plan motions and 
to control underactuated systems. First, a fully actuated system requires more control inputs 
than an underactuated system, which means there will have to be more devices to generate 
the necessary forces. The additional controlling devices add to the cost and the weight 
of the system. Finding a way to control an underactuated version of the system would 
eliminate some of the controlling devices and could improve the overall performance or 
reduce the cost. The second practical reason for studying underactuated vehicles is that 
underactuation provides a backup control technique for a fully actuated system. If a fully 
actuated system is damaged and we have an underactuated controller available, then we 
may be able to salvage a system that would otherwise be uncontrollable. 
The problem of steering an underactuated Autonomous Underwater Vehicle (ALJV) 
to a point with a desired orientation has recently attracted attention of some researchers 
[22][38]. This task provides some challenges in nonlinear control systems theory, because 
the vehicle is underactuated and falls into the class of the nonholonomic systems. Those
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systems fail to satisfy the Brockett's condition for the existence of smooth and time in-
variant control law to achieve exponential and asymptotic stabilization of the systems [22]. 
Such systems are vehicles with fewer number of independent control inputs than that of 
DOFs. Furthermore, the dynamic equations of AUV are strongly nonlinear due to the pres-
ence of complex hydrodynamics terms. 
An X4-AUV with a spherical hull shape was studied by Okamura [53], in which it 
makes only use of four thrusters to control the vehicle without using any steering rudders, 
it falls into the class of underactuated AUVs and has nonholonomic features. The consider-
ation of nonholomic systems is an interesting study from a theoretical standpoint, because 
as pointed out in the earlier works of Brockett, they cannot be asymptotically stabilized to a 
fixed point in the configuration space using continuously differentiable, time-invariant and 
state feedback control laws [85]. 
In this thesis, to overcome the demerit that in an X4-AUV studied by [53], the drag 
forces against a stream are relatively higher than other AUVs, a new type of hull shape 
is proposed for the X4-AUV with an ellipsoid body that mostly closes to a streamlined 
shape and has the durability over pressure like a sphere. The ideal streamlined hull shape 
is known to minimize the drag forces acting on the hull while the X4-AUV is cruising. The 
corresponding X4-AUV kinematic and dynamic models are also presented here. When 
the X4-AUV moves underwater, additional forces and moment coefficients are added to 
account for the effective mass of the fluid that surrounds the robot, which causes an exces-
sive acceleration of the robot, compared to the case where there is no any added mass and 
moment of inertia. Then, appropriate nonholonomic or underactuated control methods are 
applied for this vehicle. The control problem focuses on the problem of point stabilization 
for an X4-AUV control system. 
1.4 Thesis Organization 
Chapter 2 introduces fundamental ideas and concept regarding underwater vehicles, their 
design and control methods. The major design aspects that need to be considered are iden-
tifying hull design, propulsion, submerging and electric power. Another important things 
that require consideration for the design process are factors that affect an underwater vehi-
cle such as buoyancy, hydrodynamic damping, Coriolis and added mass. AUVs present a 
challenging control problem because most of them are underactuated, i.e., they have fewer 
number of inputs than that of DOFs. Such control configurations impose non-integrable 
acceleration constraints. Furthermore, AUVs' kinematic and dynamical models are highly 
nonlinear and coupled, hydrodynamics of the vehicle are poorly known and may vary with 
relative vehicle velocity to fluid motion, and a variety of unmeasurable disturbances by 
ocean currents, making control design a difficult task. Therefore, appropriate nonholo-
nomic or underactuated control methods are applied for this vehicle. 
Chapter 3 describes the notation and coordinate systems, and introduces an explanation 
of the kinematic model and the derivation of a dynamical model of an X4-AUV. These 
equations are used in later chapters for controlling purpose. X4-AUV is designed with an 
ellipsoid body hull shape to minimize the drag forces acting on the hull while the X4-AUV
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is cruising. It is also equipped with four thrusters, has 6-DOFs in motion, falls in an under-
actuated system and also has nonholonomic features. The dynamic model of an X4-AUV 
is derived using Lagrange approach, with the assumption of balance between buoyancy and 
gravity. The modelling includes the consideration of the effect of added mass and inertia. 
Chapter 4 presents a nonholonomic control method for stabilizing an X4-AUV. In this 
chapter, the x-, y-, and z-positions and angles of the X4-AUV is stabilized by using control 
inputs u 1 , u2 113, and u4 respectively. PD feedback control law is applied to control the 
attitude and positions of the X4-AUV with the direct use of the Lyapunov stability theory. 
The stability of the system is ensured by the Lyapunov theorem and LaSalle invariance 
theorem. By the Lyapunov theorem, simple stability for equilibrium is ensured, whereas 
by the LaSalle invariance -theorem, we can ensure an asymptotical stability starting from a 
point in a set around the equilibrium. In our case, this theorem ensures the global stability 
of the system. Note that the simulations for stabilizing the X4-AUV in the x-, y-, and z-
positions are implemented independently. 
Chapter 5 deals with a discontinuous control law for stabilizing an X4-AUV The system 
is written in a control-affine form by applying a partial linearization technique. A dynamic 
controller based on Astolfi's discontinuous control is derived to stabilize all states of the 
system to the desired equilibrium point exponentially. Two approaches are applied to the 
system. The first approach does not necessitate any conversion of the system model into a 
canonical form while for the second approach, the system is converted into a chained form. 
The discontinuous dynamic-model without using a chained form transformation in the first 
approach assures only a local stability (or controllability) of the dynamics based control 
system whereas in the second approach, the discontinuous dynamic-model using a chained 
form transformation guarantees a global stability of the system. Assumption made in the 
simulation for the first approach is that the value of 0- and -angles is very close to zero. 
Chapter 6 gives a summary of this study and possible future enhancements concluded in 
this chapter.
Chapter 2 
Review of AUV Design and Control 
2.1 Introduction 
Underwater vehicles are being used in an ever increasing number of applications ranging 
from scientific research to commercial and leisure activities. Most of them tend to be used 
for a specific application, consequently, there is a wide variety of underwater vehicles in 
operation. These vehicles can be categorized into several different groups according to 
their particular characteristics. One of these characteristics is the method of control and the 
groups used in this category are defined as illustrated in Figure 2.1. 
Underwater
Vehicles 
Manned Underwater	 Unmanned Underwater 
Vehicles	 Vehicles (UUVs) 
Autonomous Remotely 
Underwater Operated 
Vehicles Vehicles 
(AUVs) (ROVs)
Figure 2.1: Underwater vehicles categorised by control method 
This work focuses on Unmanned Underwater Vehicles (UUVs) and more specifically 
AUVs. AUVs have onboard control systems that use the information recorded by sensors to 
determine the demands to be sent to the vehicle actuators to complete the defined missions. 
The reliance on these components dictates a need for a robust design. A constraint on the 
use of an AUV is the limited energy supply that can be carried onboard. Most AUVs use 
batteries of various types to provide both propulsion and power. Therefore the total energy 
available is limited by the available volume (or weight) for batteries and the energy density 
of the chosen batteries.
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These two characteristics of AUVs heavily influence the design choices during the 
development of an AUV. The autonomous nature of the vehicle means that key design fac-
tors include reliability, robustness and controllability. The limited energy available means 
that the energy cost associated with the various choices is a key factor in the design evalu-
ation process. The combination of these factors shows that the design cycle for an AUV is 
highly iterative. 
In contrast, ROVs are operated with a connection to a surface station, either on land 
or on a surface vessel. This connection is used to provide a communication link between the 
vehicle and a human operator, allowing human control, rapid data transfer and much larger 
power supply. On most ROVs the control system is dependent on partly human, partly 
automation; some elements of the control systems are undertaken using automatic control 
(for example depth control) allowing the human operator to concentrate on the intricacies 
of the particular task. The larger power supply allows the designer (and operator) to design 
the vehicle with less consideration for the energy required and this freedom also allows 
redudancy to be built into the design, for example in thruster configurations, which is not 
found on energy limited AUVs. 
The required range of a vehicle can significantly influence the characteristics of an 
AUV during the design of the vehicle. For example, the design of a short range AUV 
requires less emphasis on propulsive, efficiency in energy use. This freedom allows the 
short range AUV designer to include more energy consuming devices and to be optimized 
for the mission requirements. On the other hand, the key to successful long range AUV 
design is a compromise between functionality limitations and mission range requirements 
and hence greater emphasis on hydrodynamic efficiency. The AUVs were first built in 
the 1970s, put into commercial use in the 1990s, and today are mostly used for scientific, 
commercial, and military mapping and survey tasks [84]. 
Currently, the challenges for AUV address the navigation, communication, auton-
omy, and endurance issues. Autonomy is the main aspect of AUVs which deals with the 
electronics and control design. During a mission, an AUV may undergo different maneu-
vering scenarios such as a complete turn at the end of a survey line, a severe turn during 
obstacle avoidance or frequent depth changes while following a rugged seabed terrain. Dif-
ferent control schemes are used for different operations. However, the AUV's dynamics are 
inherently nonlinear and time-variant, i.e., its mass and buoyancy change according to dif-
ferent working conditions. It is also subject to uncertain external disturbances, and the 
hydrodynamic forces are difficult to model. Thus, AUV control can be regarded as a very 
challenging task. 
Linear control theories have evolved a variety of powerful methods. This method can 
meet the requirements of stability, robustness and dynamical responses when used in linear, 
time-invariant systems. However, in the case of an AUV, the complexity of its dynamics 
listed above makes linear control methods difficult to achieve satisfactory results. Its dy-
namics cannot be linearly approximated accurately and often results in undesired behavior 
when linear control methods are used. For such a system, nonlinear control techniques may 
provide greatly increased performance and stability. In the case of underactuated nonholo-
nomic systems, nonlinear control methods are more appropriate because the nonholonomic 
constraints are inherently nonlinear.
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2.2 Types of AUVs 
Within the AUV group, there are some subgroups of vehicles which are split according to 
their particular application. The vehicles in these groups have a common features. Most 
AUVs can be classified into the following categories [66]: 
2.2.1 Shallow water survey AUVs 
Shallow water survey AUVs are rated up to 500 m, and are used for performing oceano-
graphic surveys from close to the surface. These are typically small in size because they do 
not have to bear a lot of water pressure, have a high thrust to drag ratio, and so are able to 
maneuver in areas with high currents. Also, the typical surveys for these types of vehicles 
are performed over a large scale with fairly low resolution, so their operating speeds are 
relatively high, in the order of a few knots/hr. 
2.2.2 Mid-water AUVs 
These refer to the class of AUVs rated up to 2500 in that are typically used for performing 
mid-water column surveys or seafloor surveys in shallower areas. These are typically bulky 
in order to handle the high pressure at depth, which in turn means they need more thrust 
and more power that also add to their size. Since there is not much current at these depths, 
this-,class of AUVs can have small thrust to drag ratio. Depending on the application that a 
typical AUV of this class is being used for, its operating speeds can vary from less than one 
knot/hr for a photographic survey to a few knots/hr for a multibeam or sidescan survey. 
2.2.3 Deep-water AUVs 
Deep-water ALTVs are the class of AUVs designed to be used at depths of more than 2500 
m. Due to the high oceanographic pressures that these vehicles need to be able to bear, 
the housings are large and bulky. Also, since diving to such depths takes a long time, 
one would like to get longer missions out of each dive which means that these vehicles 
need more power storage, again adding to their size. To keep their sizes small, and make 
them more power efficient, these vehicles have a low thrust to drag ratio. Since AUVs 
of this class are usually used close to the ocean bottom for high resolution surveys, they 
must be able to maneuver at low speeds. Their design cannot involve control surfaces for 
maneuvering which results in multi-hull designs with multiple thrusters. 
2.2.4 Gliders 
Gliders refer to underwater vehicles that use changes in buoyancy and water temperature 
in conjunction with wings to convert vertical motion into forward motion. These buoyancy 
engines typically achieve much more efficiency than the conventional electric thrusters, 
greatly increasing their range to an order of thousands of kilometers. Typically these vehi-
cles operate in the upper water column, and are usually rated for less than 1000 m. For a 
more comprehensive list of applications and AUV development, refer to [76] [77] [84].
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Figure 2.2: Ideal method for developing underwater vehicle [81] 
2.3 General Design of an AUV 
Figure 2.2 shows the ideal method for developing underwater vehicle. As shown in the 
flowchart on the left side of Figure 2.2, the underwater vehicle development process in-
cludes: definition of vehicle specifications such as configuration, actuator, control, and 
sensor in accordance with operation requirements; water tank testing of the model for per-
formance verification; and feedback on the verification results to the specifications defined. 
The important point here is the simulation design process ("1" in the flowchart) on the right 
side of Figure 2.2 and the model making process followed by the fluid properties test and 
maneuvering control properties test ("2" in the flowchart). This project focuses only on 
process 1. Model testing through the above processes can identify necessary refinements at 
an early stage before construction of the vehicle, and thereby facilitate the process of basic 
design, detailed design, and construction of the vehicle afterwards. The risk of reconstruc-
tion and major modification after construction of the vehicle can be particularly reduced to 
minimize the overall development risk [81] 
There are several aspects in AUV electrical and mechanical design need to be looked 
at closely so that the design will be successful. In order to design any AUV, it is essential 
or compulsory to have strong background knowledge, fundamental concepts and theory 
about the processes and physical laws governing the underwater vehicle in its environment. 
Therefore, the major design aspects that need to be considered [29] are identifying hull 
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(a)Laminar Boundary Layer 
(b)Turbulent Boundary Layer 
Figure 2.3: Laminar and turbulent boundary layer separation 
design, propulsion, submerging and electric power. 
2.3.1 Hull design: shape and drag 
The most basic characteristic about an AUV is its size and shape. The basic shape of the 
AUV is the very first step in its design and everything else must work around it. The shape 
of the AUV determines its application, efficiency and range. There have been a wide variety 
of AUVs in size and shape, ranging from [70]: 
• Conventional torpedo proportions, large and small. 	 - 
• Laminar flow, bulbous hull to reduce drag. 
• Streamlined rectangular style. 
• Multi hull vehicles, splitting the energy, propulsion and mission management from 
the sensor payload into separate hulls. 
2.3.1.1 Laminar flow body The laminar flow body achieves low drag by maintaining 
laminar flow over most of its length by virtue of its bulbous shape. From a simple per-
spective of drag reduction, a form that promotes laminar flow within the boundary layer 
is the best choice. In laminar flow, fluid particles move in layers and skin friction drag is 
much lower than that in a turbulent flow where fluid particles more erratically resulting in 
higher shear stresses between layers (see Figure 2.3). For determining whether a flow will 
be laminar or turbulent, a Reynolds Number (the ratio of inertial forces to viscous forces) 
is used. Laminar flow occurs at low Reynolds numbers, and is characterized by smooth, 
constant fluid motion. Turbulent flow occurs at high Reynolds numbers and is dominated 
by random eddies, vortices and other flow fluctuations. 
To sustain laminar flow, a hull can be designed such that the diameter increases grad-
ually from the nose to create a favorable pressure gradient over the forward 60 - 70% of 
the hull. In this area, the surface must be smooth and as hydrodynamically clean as pos-
sible. Forward-mounted hydroplanes cannot be allowed because they disturb the laminar
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Figure 2.4: Outline of laminar flow body [70] 
flow. Consequently all hydroplanes are to be fitted on the-boom. Acoustic payload, com-
munication and navigation transducers must be located as far aft as possible so that the 
resulting openings or protuberances do not disturb the laminar flow. Figure 2.4 shows a 
typical shape of such a hull. The main disadvantage of this unique shape of the laminar 
flow body is that it does not readily permit lengthening or shortening of the vehicle, thus 
limiting the possibility of modular expansion [68]. 
2.3.1.2 Torpedo vs. non-torpedo shape vehicles Most AUVs used in science and indus-
try today can be classified into a torpedo shaped design and a non-torpedo shaped design 
independent of other characteristics [66]. Figures 2.5 and 2.6 below show some of the state 
of the art AUVs in the science community today. This classification is important because 
it governs a lot of the characteristics of the AUV A typical torpedo shaped or single hull 
ALJV has less drag and can travel much faster than its non-torpedo shaped counterpart. A 
torpedo shaped AUV usually uses an aft thruster and fins to control its motion; thus these 
designs need some translational speed to keep full control of the vehicle. This class of 
AIJVs in general has a much longer range and can work well in areas with moderate cur-
rents. They are appropriate for low resolution scalar surveys in larger areas, but are not 
suited for optical surveys or high resolution bathymetric surveys of a smaller area. These 
AUVs have 6-DOFs, namely x-, y-, z-translation, roll, pitch and heading, but these can-
not be controlled independently, making the autonomous control of these AUVs relatively 
harder.
The non-torpedo shaped AUVs are typically designed to be completely controllable 
at much lower speeds. The multiple hull design makes these kinds of AUVs passively 
stable in pitch and roll, which means the other DOFs can be independently controlled using 
multiple thrusters. A larger form factor for these vehicles means a higher drag, which 
makes their use difficult in areas with significant currents. The lower speeds and high 
maneuverability of this class of AUVs means higher navigational accuracy to follow very 
close tracklines. They are well suited for high resolution photographic surveys, multibeam 
mapping and sidescan surveys. The difference in the two classes of AUVs is analogous to 
that of the airplane and helicopter. They have their own advantages and cater to different 
applications. The science community will always have these two kinds of AUVs co-exist 
to meet the complete set of requirements. 
2.3.1.3 Effect of slenderness ratio AUVs have tended to be designed around length-
to-diameter (LID) ratios of five to eight, mimicking in some respects naval torpedoes and 
aircraft drop tanks to provide the maximum volume for minimum drag. But AUVs have 
the additional design constraint to reduce the risk of collision with the mother ship during
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Figure 2.5: Torpedo shaped AUVs [66] 
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Figure 2.6: Non-torpedo shaped AUVs [66] 
launch and recovery and will have a larger footprint on the ship's deck. However, the drag 
coefficient (CD) values for the National Advisory Committee for Aeronautics' (NACA) 
aerofoil solid of revolution versus LID ratios of two to 10 show a surprisingly constant 
CD down to a LID value as low as three (excludes control surfaces) [70]. Similar results 
are seen in early wind tunnel work performed on airship models. Thus, short, fat AUVs do 
not have a significantly higher CD than slender ones and are inherently easier to handle 
and store on board a ship, although short vehicles may have stability issues that need to 
be considered. A more important drag consideration is the variation in drag between the 
idealized shape and the practical vehicle. 
2.3.2 Submerging 
In the case of a submersible vehicle, since the volume of the vehicle remains constant, 
in order to dive deeper, it must increase the downward force acting upon it to counteract 
the buoyant force. This can be accomplish either by increasing its mass via the use of 
ballast tanks or by using external thrusters. Ballasting is the more common approach for 
submerging. This method is mostly mechanical in nature and involves employing pumps 
and compressed air to take in and remove water. The alternative is to use thrusters that
